except at corners and pit fields. In contrast, pectic side-chains Six monoclonal antibodies (mAbs) were used to map the were not detectable in the middle lamella of all parenchymal distribution of pectic epitopes in the cell walls of potato cell walls, except in the cortex where mAb LM6 (arabinan (Solanum tuberosum L. cvs Kardal and Karnico) tuber tissue epitope) labelled the entire wall. The galactan epitope (mAb in both light and electron microscopes. Unesterified (mAb JIM LM5) was localised to a zone very close to the plasmalemma 5 epitope) and methyl-esterified (mAb JIM 7 epitope) pectins in cortical cell walls and was also less abundant at pit fields were abundant and equally distributed in all parenchymal and and in vascular cell walls. MAb CCRC-M2 (rhamnogalacturvascular cell walls. Homogalacturonans (HGAs) involved in Ca 2 + -cross-linking (mAb 2F4 epitope) were localised to the onan I epitope) did not cross-react. Our results show that the cell walls of potato tubers are not homogeneous structures and middle lamella and abundant at cell corners. The tuber cortex was densely labelled, but parenchymal cell walls in the perthat the pectic composition of the walls is spatially regulated.
Introduction
Pectin is an ingredient for the food industry, and potato pulp, a waste product remaining after starch extraction (Mayer 1998) , is a potentially valuable source of pectins with different commercial functionalities. Despite the commercial importance of potato as a food crop, there have been few studies characterising the cell wall composition of the tuber. In this paper, we use monoclonal antibodies (mAbs) to examine the distribution of pectic molecules in the different tissue types of the tuber.
Three classes of pectin have been described (Carpita and Gibeaut 1993, Voragen et al. 1995) . The simplest is homogalacturonan (HGA) which is an unbranched chain of (14) linked h-D-GalA residues that can be differentially methyl-esterified and/or acetylated. HGA in its relatively unesterified form is thought to form inter-molecular associations (egg-box junctions and higher order cable structures, Goldberg et al. 1996) with other HGA polymers through Ca 2 + bridging. Rhamnogalacturonan (RG) I is a branched
Abbre6iations -GalA, galacturonic acid; HGA, homogalacturonan; JIM, John Innes monoclonal; LM, Leeds monoclonal; mAbs, monoclonal antibodies; MHR, modified hairy regions; PME, pectin methylesterase; RG, rhamnogalacturonic acid; Rha, rhamnose; TCaS, tris-calcium-saline buffer.
gelation, important parameters are the ratio of branched to unbranched regions of RGI (Hwang and Kokini 1991) , the degree of methyl-esterification of HGA and frequency of junction zones and the frequency of RGII dimers along the pectin molecules. The pectic composition of potato cell walls has been studied previously by Jarvis et al. (1981a) and Ryden and Selvendran (1990) using sequential chemical extractions and shown to be heterogeneous in its extractability. Ca 2 + -chelators removed 25% of the pectin and these were composed of 77% GalA (a Rha:GalA ratio of 1:40-45) and bore short (1 5)-linked arabinan and (1 4)-linked galactan sidechains attached to the rhamnose C-4 of RGI. After Ca 2 + -chelation, Na 2 CO 3 (a de-esterifying agent) extracted a further 27% of the pectin with a 38% GalA content (a Rha:GalA ratio of 1:10-20) and more, longer arabinan/ galactan side-chains. A further extraction with KOH removed acidic pectins with a Rha:GalA ratio of 1:5 -20 and a large amount of (15)-linked arabinose. A covalently bound, highly branched pectin with unbranched arabinan/ galactan side-chains remained in the cellulosic residue. Jarvis et al. (1981b) found that galactanase solubilised 23% of the cell wall carbohydrate. They concluded that the galactan side-chains, which bear 40% of the Ara residues, are the sites of alkali-labile bonds between pectins and perhaps other cell wall components. Schols and Voragen (1994) characterised modified hairy regions (MHR) (degradation products of Rapidase-hydrolysed pectin) from several plants including potato which is highly acetylated (90%) and contains relatively more arabinose. mAbs are powerful tools to identify and localise pectin in muro and complement the in vitro data from chemical extraction studies. Several anti-pectin antibodies have been generated and some have been used extensively on different tissue types of a range of plant species. mAbs raised to HGA epitopes include mAbs JIM 5, JIM 7 and 2F4, whilst mAb CCRC-M2 labels the RGI backbone and mAbs LM5 and LM6 recognise pectic side-chains. mAbs JIM 5 (Knox et al. 1990 ) and 2F4 (Liners et al. 1994 ) both recognise HGA with low degrees of esterification (although the 2F4 epitope is Ca 2 + -dependent) and generally label the middle lamella, cell corners and the lining of intercellular spaces (reviewed by Knox 1997) . In contrast, mAb JIM 7 recognises HGA with at least 35% methyl-esterification and tends to label the entire width of cell walls (Knox et al. 1990 ). mAb CCRC-M2 recognises sycamore RGI (Puhlmann et al. 1994 ). Due to their recent introduction (Jones et al. 1997 , Willats et al. 1998 , the epitope distributions of mAbs LM5 and LM6 (that respectively recognise galactans and arabinans) are less well characterised, although in flax roots (Vicré et al. 1998 ) and tomatoes (Jones et al. 1997 ) mAb LM5 labels the wall closest to the plasmalemma.
In order to characterise the potato tuber cell wall, we used this panel of mAbs to map the distribution of pectic epitopes in the parenchymal (starch storage cells) and periderm ('skin') cells of tubers. We developed an immunogold-silver enhancement method for imaging in the confocal laser scanning microscope with resolution of wall domains. Labelling results were confirmed in the electron microscope also using silver enhancement of gold labelling. Our studies show that pectic epitopes are localised to particular wall domains in the potato tuber and that different tissues vary in their pectic composition.
Materials and methods

Tissue preparation for immunocytochemistry
Pieces (2 mm 3 ) of tissue were sampled from mature Solanum tuberosum cv. Kardal and cv. Karnico tubers that had been stored at 4°C for 2 weeks and processed for low temperature L.R. White resin embedding (Wells 1985 , Hills et al. 1987 . Briefly, the samples were fixed at 20°C for 16 h in 2.5% (v/v) glutaraldehyde (EM grade)-0.05 M sodium cacodylate containing 0.05% (v/v) NP-40 (Sigma, Poole, UK). They were then dehydrated for 1 h in each of the following ethanol/water solutions; ice cold 30% and 50% at −20°C, 70% and 90% at −35°C and finally in absolute ethanol at −35°C. The tissue samples were then infiltrated in mixtures (1:1, 1:2 and 1:3) of ethanol/L.R. White resin (Agar Scientific Ltd, Stansted, UK) for 1 h each and then pure resin for 24 h at −20°C. The tissue samples were transferred into individual BEEM capsules (Agar Scientific Ltd) filled with cold resin and polymerised with UV light at −20°C for 24 h and then for 16 h at 20°C.
Immunogold labelling
For light microscopy, 0.5 mm thick resin sections were collected on multiwell glass slides pre-treated with BioBond section adhesive (British BioCell International, Cardiff, UK). Ultrathin sections for electron microscopy were collected on formvar-carbon coated gold grids. Prior to incubation with mAbs JIM 5, JIM 7, LM5, LM6 and CCRC-M2, the sections (both 0.5 mm and ultrathin) were treated with 10% (v/v) sheep serum in phosphate-buffered saline (PBS) to block non-specific labelling. Sections to be incubated with mAb 2F4 were blocked with 5% (w/v) skimmed milk in 20 mM Tris-HCl, pH 8.2, 1 mM CaCl 2 , 150 mM NaCl (TCaS buffer) according to the method of Liners et al. (1994) . The mAbs were applied to sections overnight at 4°C. mAbs JIM 5, JIM 7, LM5, LM6 and CCRC-M2 were diluted 1:50 in 10% (v/v) sheep serum in PBS, whilst 2F4 ascites (1 mg ml − 1 ) was diluted 1:300 in 1% (w/v) skimmed milk in TCaS buffer. The pectic epitopes recognised by these mAbs are: JIM 5, 5 50% methyl-esterified HGA (VandenBosch et al. 1989 , Knox et al. 1990 ); JIM 7, ] 35% methyl-esterified HGA (Knox et al. 1990 ); 2F4, a calcium-dependent conformational epitope of at least nine contiguous galacturonic acid residues (Liners et al. 1989, Liners and Van Cutsem 1992) ; mAb CCRC-M2 recognises the RGI backbone of sycamore pectin (Puhlmann et al. 1994 ); LM5, (14)-i-Dgalactan (Jones et al. 1997) ; and LM6, (1 5)-h-L-arabinan (Willats et al. 1998) . The sections were then washed with several changes in an excess of the buffer used for diluting the primary mAb and then incubated with gold conjugates (British BioCell International) diluted 1:30 in the respective blocking buffer chosen for the primary mAb. For silver enhancement experiments, a 5 nm gold probe was incubated overnight at 4°C. Sections were washed in buffer as dePhysiol. Plant. 107, 1999 Cell International) was used according to the manufacturer's instructions. Some ultrathin sections were treated for 1 h at 20°C with 100 mM sodium carbonate to de-esterify pectins prior to labelling with mAbs CCRC-M2, JIM 5 and JIM 7.
Microscopy
For light microscopy, gold-labelled and silver-enhanced sections were counterstained with basic fuchsin and examined with a Leica TCS NT laser scanning confocal microscope, with excitation and emission wavelengths of 488 and \515 nm, respectively, using an RT 30/70 mirror. Images of autofluorescence and epi-reflectance were recorded separately, merged using Confocal Assistant 4.02 software and processed with Adobe Photoshop 4.0. A Jeol 1200EX transmission electron microscope was used to examine ultrathin sections counterstained with uranyl acetate and lead citrate.
Results
Distribution of pectic epitopes in different tissues
Thick sections (0.5 mm) of tissue sampled from peripheral and more central regions of the tuber (see Fig. 1 ) were examined by light microscopy to localise pectic epitopes at the tissue level. The strong reflectance of silver-enhanced gold particles together with the enhanced clarity revealed by merging images of contrasting colours enabled the detection scribed above, and antibody complexes cross-linked with 1.0% glutaraldehyde in buffer, and finally rinsed thoroughly with distilled water prior to silver enhancement and counterstaining. Control sections were treated in parallel but with the omission of the primary mAb. Silver enhancement of 5 nm gold probes for electron microscopy was performed for 2 min at 20°C, but this was extended to 10-15 min for light microscopy; the BioCell silver enhancement kit (British Bio- Fig. 2 . A summary diagram showing the distribution of pectic epitopes in potato tuber cell walls. Each segment represents a tuber section labelled with mAbs JIM 5, JIM 7, 2F4, LM5 and LM6. The periderm is the outermost black line, the cortex proper is shown as two layers of red cuboidal cells and the storage parenchyma and vascular tissue in the perimedullary region as large and small red polyhedral cells, respectively. The space between the cells is cell wall and gold labelling is shown in green. Both mAbs JIM 5 and JIM 7 label the entire wall throughout the tuber. mAb 2F4 labels the entire wall of the cortical cells, but only the middle lamella at corners in the perimedullary region. Only the primary wall is labelled with mAb LM5 and in the cortex there is a labelling gradient, in cortical walls the middle lamella as well as the primary wall labels with mAb LM6, but not in the perimedullary region. Physiol. Plant. 107, 1999 of weak gold labelling by confocal microscopy. The suberised walls comprising the periderm sectioned poorly, making examination difficult. However, except for mAbs LM6 and 2F4 (see below) it was not appreciably labelled with any of the mAbs used. Secondary walls, such as the thickenings of xylem, did not label with any of the antibodies used. Fig. 2 shows schematically the patterns of gold labelling that were detected in this investigation.
With mAb JIM 5, all cell walls from the cortex proper and perimedullary zone were labelled equally strongly across their entire width and length (Fig. 3A) . A similar distribution was seen with mAb JIM 7 except that the labelling was more abundant (Fig. 3B,C) . Both mAbs labelled the cell walls of vascular tissue similarly to those of the parenchymal cells (Fig. 3D) .
The suberised walls of the periderm were unlabelled with mAb LM5, but all parenchymal cell walls expressed a characteristic pattern of gold labelling that was localised to the primary wall (Fig. 3E ). In the cortex proper, only the region of wall closest to the plasmalemma was labelled. Furthermore, the most peripheral layers of cortical cells had walls that labelled lightly and punctately, whilst there was a gradient of epitope abundance over the next few layers of cortical cells until the labelling became continuous. This characteristic labelling of walls with mAb LM5 was modified at pit fields and in the vascular tissue. At pit fields, the labelling appeared to be reduced or abolished, whilst the wall labelling of vascular tissue was greatly reduced in comparison with parenchymal cell walls (Fig. 3F) .
The outer walls of the periderm labelled moderately with mAb LM6, but there was no gradient of epitope abundance across the cortex as there was with mAb LM5. mAb LM6 labelled the entire cell wall of cortical cells, but in the perimedullary zone the labelling resembled that observed with mAb LM5 (compare Fig. 3E and G) ; it was not identical, however, because the mAb LM6 labelling extended more into the middle lamella. The cell walls of vascular cells were labelled less abundantly than parenchymal cell walls (Fig. 3H ), but differential labelling at pit fields was not apparent with mAb LM6.
All cell walls were labelled by mAb 2F4. Periderm walls were labelled moderately and those at the boundary of the periderm and cortex proper were labelled more abundantly. Some walls from the latter region were particularly thick and it was in these walls that the distribution of gold labelling was clearly localised to the middle lamella. Throughout the rest of the cortex proper and perimedullary zone, the cell walls were thinner and they appeared to label across their width (Fig. 3I) . It was apparent that, deeper into the cortex and in the perimedullary region, cell corners were more densely labelled in comparison with the intervening walls ( Fig. 3J and K) and in the latter, only a few corners were labelled and here the labelling was reduced away from the corners (Fig. 3J) . The cell walls, especially the corners, of the vascular tissue were more densely labelled than the surrounding parenchymal cell walls (Fig. 3K) .
Cell walls did not label with mAb CCRC-M2, even after saponification of sections with 100 mM sodium carbonate, when examined at the light or ultrastructural level. All cell walls remained unlabelled when the primary mAbs were omitted in control sections (Fig. 3L) .
Ultrastructure of potato tuber cell walls
At the ultrastructural level, small regions of periderm were examined (Fig. 4A) . Measurements of cell wall thickness from micrographs are indicated as a range, of which the lower limit represents the wall thickness perpendicular to the plane of the plasma membrane (a range is given because of the difficulty of defining the sectioning angle).
The suberised walls of the periderm varied in thickness from 170 nm to 4 mm, with the thinner walls being most peripheral in position. The thin walls possessed a characteristic central electron-dense band (50 -110 nm wide, but in the order of 500 nm at junctions with other walls) which was homogeneous in structure and generally labelled very lightly and punctately with all mAbs (Fig. 4A) . The thicker walls lacked this dense band, but were instead composed of two homogeneous lamellae that sandwiched a central fibrillar zone (Fig. 4B) . The fibrillar region showed a trend of increasing labelling density in walls closer to the cortex proper. With mAbs JIM 5 and JIM 7 the labelling was present only in patches of these walls (Fig. 4B) ; with mAb 2F4 it was less localised, but more abundant where the electron-opacity of the wall increased; with mAb LM5 the labelling was very light, whilst with mAb LM6 it was more abundant and more uniform across the width of the wall.
Generally, parenchymal walls were most electron-lucent nearest to the plasmalemma, with the middle lamella staining darker (especially so at pit fields). Some walls, however, appeared more homogeneous in density (Fig.  4C -F) . At filled cell corners, the middle lamella expanded (Fig. 4F ), but in those corners with an intercellular space it was usually reduced to a thin layer around the space (Fig. 4D) . Corners where thick walls joined had conspicuous parallel lamellae of alternating electron density and at high magnification fibrils radiated from the dense lamellae into the more lucent layers to give a 'herring-bone' pattern (not shown). At some corners with an intercellular space, the middle lamella exhibited two parallel electrondense 'tram-lines', 20 -40 nm apart, (which diverged as they contacted the intercellular space) that extended up to several microns into the intervening walls (Fig. 4D) . Occa- sionally, corners with intercellular spaces were observed with a highly fibrous middle lamella matrix that was fraying.
All parenchymal cell walls (1-2 mm thick) were labelled across their width and entire length by both mAbs JIM 5 and JIM 7 (Fig. 4C-F) , including thin (70 nm) newly formed walls (Fig. 4C ). Both mAbs JIM 5 and JIM 7 labelled the walls of vascular cells like those of the parenchymal cell walls. Sections treated with 100 mM sodium carbonate to de-esterify pectins showed an increased labelling density with mAb JIM 5, but in contrast, labelling with mAb JIM 7 was dramatically reduced.
The characteristic pattern of mAb LM5 labelling seen by confocal microscopy was confirmed at the ultrastructural level (Fig. 5) . Throughout the tuber, the gold label was consistently localised to the primary wall (Fig. 5A,B,D) , the middle lamella was not labelled at all (Fig. 5C,D) . The only variations to this pattern were firstly, the labelling density was lighter in walls from the outer layers of the cortex proper (Fig. 5B) and secondly, the walls of vascular cells (Fig. 5E) , new thin parenchymal walls and pit fields showed reduced labelling. mAb LM6 abundantly labelled the walls of the cortex proper across their width (Fig. 6A) , but in the perimedullary zone, the labelling of parenchymal walls was predominantly localised to the primary wall but extended slightly into the middle lamella (Fig. 6B) . At cell corners, the expanded middle lamella was labelled very lightly or not at all (Fig. 6C ), whilst at corners with intercellular spaces, the wall 'tram-lines' and the electron-dense material surrounding the space were unlabelled (Fig. 6D) . Newly formed thin walls were only labelled very lightly (Fig. 6C ). There was no differential labelling at pit fields (Fig. 6A ) and vascular cell walls showed a reduced intensity of gold labelling compared with the parenchymal cell walls (Fig. 6E) .
With mAb 2F4, the labelling pattern of parenchymal cell walls was strikingly different from that seen with the other mAbs: it was localised to the middle lamella (Fig. 7) . The electron-dense middle lamella of the thick peripheral cortical walls labelled particularly abundantly. Throughout the rest of the tuber, the parenchymal cell walls were labelled less abundantly (Fig. 7A) and this was particularly apparent in the perimedullary zone, where the walls were labelled very lightly and only a few cell corners were labelled. Generally, the labelling of the middle lamella increased towards cell corners (Fig. 7B ) and was most dense on the electron-dense material surrounding intercellular spaces (Fig. 7C) or at filled corners (Fig. 7B) . 'Tram-lines' at corners with intercellular spaces were also labelled (Fig. 7C) . The density of mAb 2F4 labelling increased at pit fields where the plasmodesmata traversed the middle lamella (Fig. 7A,C) . Newly formed thin walls in which a middle lamella was not conspicuous were either labelled extremely lightly or not at all. Thicker parenchymal walls and large corners tended to show a less localised distribution of gold particles, so that even though the middle lamella remained well labelled some gold occurred more peripherally in the primary wall (Fig. 7D) . As in other tissues, the walls of the vascular cells were more abundantly labelled at cell corners than in the intervening walls by mAb 2F4 (Fig. 7E) .
Discussion
Pectins comprise the most heterogeneous class of cell wall polymers. Our studies show that different pectic epitopes are present in different regions of tuber cell walls. We find that HGA epitopes are uniformly distributed throughout the walls of the different tuber tissues, Ca 2 + -cross-linked HGA is localised to the middle lamella and side-chains of RGI are generally restricted to the primary wall. The relative distribution of antibody labelling in different tuber tissues and wall domains is summarised in Fig. 2 .
The periderm walls appear different to the multi-lamellate ultrastructure described by Dean et al. (1977) and Soliday et al. (1979) and contain few detectable pectic epitopes. The former may be a result of differences in tissue fixation. Our protocol omitted post-fixation with osmium tetroxide because it interferes with immunolabelling, but osmium is a well-known lipid fixative and its use would accentuate the location of the wax layers in the peridermal walls. GLC-MS and NMR data indicate that potato suberin consists of fatty acids, fatty alcohols and other aliphatic, aromatic and phenolic constituents Dean 1974, Garbow et al. 1989 ) that reduce water loss and pathogen invasion. Garbow and colleagues (Garbow et al. 1989, Stark and Garbow 1992) reported that 50% of the suberised material is cell wall polymer and that suberin binds to cell wall components at discrete sites via aromatic groups. The reduced immunoreactivity of the walls may be a consequence of suberin attachment masking epitopes. However, it is equally feasible that pectin is gradually degraded in the periderm resulting in fewer epitopes. All of the mAbs showed an increase in labelling density from the outer to the inner walls.
We have shown for the first time in potato the immunocytochemical distribution of several pectic epitopes. The mAb JIM 5 and JIM 7 labelling patterns are very similar and suggest that 5 50% methyl-esterified (acidic) HGA and ] 35% methyl-esterified HGA, respectively, are distributed equally on all parenchymal and vascular cell walls. HGA is secreted from the cell in a highly methyl-esterified form. In vitro studies have shown that mixtures of methyl-esterified and unesterified pectins separate into phases, a process that in vivo may result in some of these polymers segregating to the middle lamella (MacDougall et al. 1997) . Some methylated HGA may be modified by pectin methylesterase (PME) (Goldberg et al. 1996) and become incorporated into the matrix of the cell wall. The low methoxyl mAb JIM 5 and 2F4 epitopes can be generated by PME de-esterification, a process that can occur in a developmental and tissue-specific manner (Knox et al. 1990 , Steele et al. 1997 . The increased mAb JIM 5 labelling density across the entire wall following sodium carbonate de-esterification, confirmed that the middle lamella is not preferentially enriched in HGA content. The degree of pectin esterification is thought to be a regulating factor in cell-cell adhesion. For instance, in flax cell walls, acidic pectins and PME co-localise to areas of cell-cell contact (middle lamella and cell corners) as well as to plasmadesmata (Morvan et al. 1998) , areas in potato that are labelled by mAb 2F4.
Low methoxyl HGAs containing the Ca 2 + -dependent conformational epitope involved in Ca 2 + -bridging (mAb 2F4) are essentially localised to the middle lamella in potato tubers, especially where it expands to fill cell corners. This epitope is scarce in new primary walls in which a conspicuous middle lamella has yet to be secreted and in walls from the perimedullary zone. In contrast, it is more abundant in the thick walls subjacent to the periderm, at cell corners and at pit fields. The middle lamella is considered to be the site where adjacent cell walls are cemented together. Cell wall extraction with Ca 2 + -chelators is traditionally thought to remove middle lamella pectins (Jarvis et al. 1981a , Redgwell and Selvendran 1986 , Ryden and Selvendran 1990 and causes disruption to the middle lamella ultrastructure ) and cell separation (McCann and Roberts 1991) . The middle lamella ultrastructure of potato walls is also disrupted by pectinase treatment (Shomer and Levy 1988) and by cooking (i-eliminative degradation and solubilisation of pectin), the latter resulting in increased cell sloughing through diminished intercellular contact (van Marle et al. 1992 (van Marle et al. , 1997 . Stresses in the cell wall are greatest at cell corners and especially concentrated at the points where walls diverge around intercellular spaces (Goldberg et al. 1996) . To resist these forces, the wall corners are rich in Ca 2 + ) and reinforced with Ca 2 + -chelatable, unbranched acidic pectins, such pectins form strong gels through Ca 2 + -bridges (Goldberg et al. 1996) . It is these pectins that mAb 2F4 is recognising in potato. The mAb 2F4 labelling of potato pit fields may be related to increased cell adhesion at these domains, which can be likened to spot welds that protect the delicate plasmodesmata from mechanical damage caused by cell expansion. Tuber enlargement is mainly due to perimedullary parenchymal cells dividing in random orientations and expanding, this causes the separation of vascular tissue as discrete bundles in the perimedullary zone (Xu et al. 1998) . The significance of the more abundant mAb 2F4 labelling (stronger cell-cell adhesion) of the vascular cell walls may be to keep vascular cells together as a unit during the growth of the perimedullary zone.
Kollö ffel and Linssen (1984) observed structures associated with electron-dense material in parenchymal cell walls of pea cotyledon that resemble the 'tram-lines' reported here and that demarcated the limit of dissolution of material in filled corners to form intercellular spaces. The electrondense material at the corners of spaces in pea walls was not apparent in potato. However, we speculate that the potato 'tram-lines' are an architectural modification of the middle lamella to allow the stresses concentrated at corners to separate the walls in a controlled manner to form an intercellular space.
The (1 4)-i-D-galactan epitope recognised by mAb LM5 is localised at the primary cell wall in potato tubers, especially the zone close to the plasmalemma of cortical cells. A similar pattern was described in tomato by Jones et al. (1997) and in flax by Vicré et al. (1998) . Primary cell walls contain more highly branched RGI substituted with galactan/arabinogalactan side-chains that are anchored in the wall by alkali-labile (Na 2 CO 3 -extractable) bonds (Redgwell and Selvendran 1986 , Ryden and Selvendran 1990 , McCann and Roberts 1991 . Potato pectins are rich in galactan (Jarvis et al. 1981a ) and galactanase treatment can hydrolyse as much as 23% of the cell wall material (Jarvis et al. 1981b ). The similar labelling patterns obtained with mAbs LM5 and LM6 suggest a partial co-localisation of the (1 4)-i-D-galactan and (15)-h-L-arabinan epitopes. This is not surprising, since Jarvis et al. (1981b) had previously shown that nearly half of the arabinose residues are carried on the galactan side-chains of potato cell walls. However, notable differences in the distribution of these two epitopes occur. In the cortex proper, all walls label strongly with mAb LM6, whilst with mAb LM5 there is a gradient of epitope abundance. mAb LM6 labels middle lamellae of cortical cells except where they expand at cell corners and with a reduced density in perimedullary parenchymal walls, Fig. 5 . Electron micrographs showing the distinctive mAb LM5 labelling pattern of potato tuber cell walls. Gold label is absent from the middle lamella region of all walls (A), and precisely labels a narrow zone of wall close to the plasmalemma in the peripheral cortical layers (B). The expanded middle lamella remains unlabelled at corners with apoplastic spaces (C, arrowheads indicate the electron-dense material lining the space) and filled corners (D). At pit fields (D, arrows) the wall labelling is greatly reduced, as it is on walls of vascular cells (E, large arrowheads show a parenchymal cell wall and small arrowheads indicate the wall of a phloem vessel). Scale bars indicate 1 mm (A,B), 2 mm (D) and 4 mm (C,E). Fig. 6 . Sections of potato tuber tissue immuno-gold labelled with mAb LM6 and then silver-enhanced. In the cortex proper, parenchymal cell walls label in their entirety (A) including pit fields (A, arrowheads), however, in the perimedullary zone the middle lamella labels only sparsely (B). Throughout the tuber, there is no labelling of the expanded middle lamella at cell corners (C -E) or of newly formed walls in the cortex proper (C, arrowheads). The wall 'tram-lines' at corners with intercellular spaces (D, large arrowheads) and the electron-dense material lining the space (D, small arrowheads) do not label with mAb LM6 and walls of vascular cells (E, small arrowheads) label more lightly than parenchymal walls (E, large arrowheads). Scale bars represent 1 mm (B), 2 mm (A,C,D) and 4 mm (E). Fig. 7 . Electron micrographs of potato tuber sections immuno-gold labelled with mAb 2F4 and silver-enhanced. In perimedullary parenchymal cells, the sparse wall labelling is restricted to the middle lamella (A), the labelling density increases at pit fields (A, arrowheads indicate plasmodesmata; C, arrow) and towards corners (B,C). The electron-dense material lining apoplastic spaces at some corners labels abundantly (C, small arrowheads; D) as do wall 'tram-lines' (C, large arrowheads). The label is more widely distributed at large corners (D). The labelling of vascular cell walls, like that of parenchymal walls is generally localised to the expanded middle lamella of corners (E). Scale bars represent 1 mm (B,C,E) and 2 mm (A,D). Physiol. Plant. 107, 1999 but mAb LM5 does not label the middle lamella at all. The LM5 epitope is absent at pit fields and scarce in vascular cell walls both of which label more abundantly with mAb LM6.
Neutral side-chains attached to the RG backbone produce the so-called 'hairy' or branched regions of the polymer. Schols and Voragen (1994) reported that potato MHR (degradation products of Rapidase-hydrolysed pectin) account for 0.04% of the wet tuber weight and are highly acetylated (90%), rich in galactose and comparatively weakly methyl-esterified (13%). MHR from a variety of plants are only hydrolysed by rhamnogalacturonase (following saponification), which yields a characteristic spectrum of oligo-and polymeric degradation products, including a methyl-esterified xylogalacturonan, short segments of highly branched RG backbone and tetra-and hexameric RG oligomers (reviewed by Schols and Voragen 1996) .
The side-chains of pectin are flexible (Foster et al. 1996 and their presence may limit pectin intermolecular associations through entanglements, so reducing gelling (Hwang and Kokini 1991) ; this correlates with a loss of galactosyl residues from tomato locular tissue upon gel formation (Cheng and Huber 1996) . Although we do not know the localisation of the RGI backbone because of the lack of mAb CCRC-M2 cross-reactivity, the differential localisation of the two types of side-chain may have subtly different functions. For example, galactan/arabinan sidechains with t-Ara residues may form diferulate bridges allowing side-chains on pectin molecules to be cross-linked. Side-chains with and without t-Ara residues could regulate wall porosity, whilst the cross-linked side-chains may also contribute architecturally to wall rigidity.
Pectins are the most structurally complex and variable molecules within the cell wall. This diversity may reflect functional differences in cell wall architecture that are important during tuber growth and development.
